introduction
Anti-fouling is an important factor in the construction of artificial biological interfaces, such as sensing membranes, bio/medical sensing devices and artificial organs. Important new technologies and knowledge have been accumulated with a view to reducing the non-specific binding of biomolecules. For example, poly(ethylene glycol) (PEG) has been of great interest regarding the prevention of non-specific adsorption. 1 In particular, the PEG brush conformation has often been adopted to prevent the non-specific adsorption of proteins. [2] [3] [4] Oligoethylene glycol) (OEG) alkanethiols are also commonly used as passivation materials for creating inert surfaces in arrays including DNA, protein and cells. [5] [6] [7] [8] [9] The mechanism that prevents non-specific protein adsorption on PEG (OEG) layers has also been studied by using spectroscopic measurements (infrared spectroscopy, X-ray photoelectron spectroscopy) and other methods, including an electric charge technique and measurements of hydrophilicity, hydrophobicity and bulkiness of terminating groups. [10] [11] [12] [13] [14] The hydrophilicity and flexiblity of PEG (OEG) structures are largely responsible for its repellency. Although the larger OEG units are more effective in preventing non-specific adsorption (R-(CH2)11SH; R, ethylene glycol units), the di(ethylene glycol) unit is known to be the shortest unit capable of repelling protein adsorption. 15 We synthesized tri(ethylene glycol) (TEG) terminated short alkanethiol molecules (TEGCnSH, Cn = (CH2)n, n = 2, 4, 6, and 8) to obtain the smallest molecules for constructing ultra-thin protein-resistant monolayers on a gold surface. 16 TEGCnSH was a smart amphoteric modifier composed of a flexible and hydrophilic arm and an alkylchain tail for close packing in a monolayer. In our previous report, we showed that maltoside ligands (MalC12SH) and TEGCnSH hybrid monolayers had excellent properties for recognizing the lectin, concanavalin A (Con A). 16 When TEGCnSH with a longer alkylchain was used, the ability to detect Con A was significantly improved because the noise responses (non-specific adsorption) were effectively reduced. We showed that the hybrid monolayer was suitable for detecting 10 µM Con A with a good signal-to-noise (S/N) ratio.
In this manuscript, we confirm the sensing ability of this hybrid monolayer for the detection of Con A. Lower concentrations of Con A (∼50 nM) could be detected with a satisfactory S/N ratio. To determine the reason for the excellent sensing ability, we confirmed the properties of each TEGCnSH monolayer. The packing density, homogeneity and interaction were evaluated by employing electrochemical measurements. When TEGCnSH with a longer alkylchain was used, the affinities between the TEGCnSH molecules and the gold substrate became stronger, and the interaction between the attached TEGCnSH species became larger. The total amounts of adsorbed TEGCnSH species also increased. These electrochemical findings agreed well with the fact that the monolayers of TEGCnSH with longer alkylchains were capable of preventing non-specific adsorption of proteins and peptides over a wide range of molecular weights. Tri(ethylene glycol) terminated short alkylchain thiols (TEGCnSHs) offer good potential for constructing ultra-thin protein-resistant monolayers because they have an alkylchain for forming a densely packed monolayer and a flexible-hydrophilic oligo ethylene glycol arm for avoiding non-specific adsorption. Hybrid monolayers consisting of TEGCnSH and a maltoside ligand (MalC12SH, for capturing lectin) were effective in detecting concanavalin A (Con A). This hybrid monolayer was more suitable for Con A detection than that modified with 100% ligands in terms of the detection limit and time. The anti-fouling properties, packing densities, interaction and homogeneity of TEGCnSH monolayers were confirmed in detail by surface plasmon resonance (SPR) measurements and electrochemical methods. SPR measurements revealed their excellent repellency to proteins and peptides of various sizes (MW 400 -104000). The electrochemical results indicated that the lower defects in the TEGCnSH monolayers suppressed the permeation of small peptides. The stability, homogeneity and packing density of the TEGCnSH monolayers were gradually improved as their alkylchain length increased. 
Experimental

Materials
TEG with short alkylthiols (TEGCnSH, Cn = (CH2)n, n = 2, 4, 6, and 8) was synthesized as previously reported.
16 TEGC11SH was purchased from SensoPath Technologies, Inc. (Bozeman, MT). 12-Mercaptododecyl β-maltoside (MalC12SH) was also synthesized in our group. 17, 18 Concanavalin A (Con A) (Vector Laboratories, Inc., Burlingame, CA) is a lectin from Canavalia ensiformis, which selectively binds to the alpha-glucoside bond in a carbohydrate molecule. Peptides (angiotensin, bradykinin, and RGDS) were purchased from PEPTIDE INSTITUTE, Inc. (Osaka, Japan). MethoxyPEG-thiol (SUNBRIGHT, ME-020SH, MW = 2000) was purchased from NOF CORPORATION (Tokyo, Japan). Other chemicals and proteins of analytical grade were used.
Preparation of hybrid monolayers
Hybrid monolayers were formed by applying a MalC12SH solution (10 µM, in PBS (10 mM phosphate buffer, 0.1 M NaCl, pH 7.2) with 20% ethanol) to a bare gold surface of the sensor chip (BIACORE SIA Kit Au, Biacore AB, Uppsala, Sweden) for a short time (for 12 s at 10 µl/min). This was followed by applying a TEGCnSH solution (0.1 mM, in PBS with 20% ethanol) for 3600 s at 1 µl/min. A reference surface was formed by applying only the TEGCnSH solution under the same condition. The chip surface was sequentially washed with PBS and HBS-EP (10 mM HEPES buffer, 0.15 M NaCl, 3 mM EDTA, 0.05% Tween 20, pH 7.4). The total amount of adsorbed thiols was estimated from the resonance unit value (1 RU = 1 pg/mm 2 ).
SPR measurement of Con A binding
All SPR experiments were performed on a BIACORE T100 instrument. HBS-EP was used as a running buffer (20 µl/min) for the binding assay of Con A to the maltoside-presenting hybrid monolayer. A series of Con A solutions was applied to the surface for 180 s, which was followed by the application of HBS-EP for 120 s for the dissociation. NaOH solutions (10 -50 mM) were used as regeneration reagents (for 30 s at 60 µl/min). The Con A adsorption on a 100% TEGCnSH monolayer was simultaneously measured as a reference. The amounts of adsorbed Con A were calculated in terms of the RU values at the point of change to the dissociation phase. The non-specific adsorption of various proteins on other blocking membranes was also measured under the same condition as in the Con A binding assay.
Electrochemical measurement
Electrochemical measurements were conducted in a three-electrode configuration. Ag/AgCl (3 M NaCl) and Pt wire were used as reference and auxiliary electrodes, respectively. A Au(111) single-crystal electrode was prepared by the Clavilier method 19 and used for electrochemical measurements. The Au(111) electrode was annealed in a hydrogen flame and quenched quickly in ultra-pure water saturated with hydrogen. Linear sweep voltammograms of the gold electrode modified with each TEGCnSH monolayer were recorded in a 0.5 M KOH solution. Electrochemical measurements were carried out at room temperature after the solution had been deaerated with flowing Ar gas.
results and Discussion
Con A detection on MalC12SH-TEGCnSH hybrid monolayer surface Figure 1 shows the relationship between the Con A adsorption responses on the MalC12SH-TEGCnSH (n = 6 or 8) hybrid monolayer and the Con A concentration. Both TEGC6SH and TEGC8SH worked as good co-adsorbed molecules as regards the recognition monolayer with MalC12SH. We constructed MalC12SH-TEGCnSH hybrid monolayers using the sequential method described in the experimental section. From the SPR response results, the adsorbed MalC12SH molecular ratio was evaluated about 35 -40% in the each hybrid monolayer. As shown in Fig. 1 , Con A could be detected over a wide concentration range (50 nM -5 µM).
When we used a MalC12SH-TEGCnSH (n = 6 or 8) hybrid monolayer, the Con A saturation value was at 5 µM, at around 1800 RU (= 180 ng/cm 2 (1.0 × 10 12 molecules/cm 2 ), where 1 RU equals 0.1 ng/cm 2 ). 20, 21 Clear adsorption responses were also observed at lower Con A concentrations (see Fig. 1, inset) . Even at a concentration of 50 nM, the S/N ratio was more than 4. We can say that the Con A detection limit was 50 nM in this hybrid monolayer. When the TEGCnSH with a shorter alkylchain (TEGC2SH) was used as a co-adsorbed molecule, Con A was not successfully detected. With TEGC2SH, a bigger noise response and the difficulty to form a densely packed monolayer led to decrease Con A recognition ability. By contrast, when using TEGCnSH with a longer alkylchain (TEGC11SH), the adsorption response of Con A decreased greatly, probably because the TEG part was much further from the gold surface level than the ligand head group (maltoside group). TEGC11SH was also unsuitable as a co-adsorbed molecule (in Fig. 1, inset) . Model structures of MalC12SH-TEGCnSH (n = 6, 2, and 11) hybrid monolayers are shown in Scheme 1.
Moreover, the detection limit was greatly improved by a comparison with that obtained using gold nanoparticles modified with 100% MalC12SH. 18 In our previous study, we measured the adsorption spectrum of a 100% MalC12SH modified nanoparticle solution before and after adding Con A. With our colorimetric detection method the detection limit was 80 nM on Con A, but this method required a long time (over 20 min) and a large amount of test solution (∼1 ml). In other previous research related to non-labeled lectin detection (colorimetric Fig. 1 Relationship between Con A adsorption responses on a MalC12SH-TEGCnSH hybrid monolayer and Con A concentration (green line, TEGC6SH; red line, TEGC8SH). Inset: Con A adsorption response in the lower concentration region (green line, TEGC6SH; red line, TEGC8SH; light blue line, TEGC2SH; purple line, TEGC11SH). detection), Con A detection was limited to around 0.2 -0.4 µM. 22 In addition, other lectin species such as a peanut lectin did not adsorb to our hybrid monolayers (data not shown). Combined with the SPR measurement, the MalC12SH-TEGCnSH (n = 6 or 8) hybrid monolayer improved specific Con A sensing with respect to time (∼5 min), test solution volume (∼100 µl), and detection limit (50 nM).
Prevention of non-specific adsorption on TEGCnSH monolayers
A TEG chain is known to be sufficiently long to exhibit the non-fouling effect for non-specific protein adsorption. 15 To determine the anti-fouling properties on each TEGCnSH monolayer, we evaluated the total amounts of non-specifically adsorbed proteins and peptides using the SPR measurements (Fig. 2) . The SPR responses (RU) were plotted against the molecular weights of the proteins and peptides. The non-specific binding responses were almost perfectly suppressed below 10 RU for each protein in the TEGCnSH monolayers. There was an apparent correlation between the amounts of adsorbed proteins and the alkylchain length of TEGCnSH.
The non-specific adsorption of proteins decreased as the alkylchain length became longer. We also measured protein/peptide adsorption on a PEG-thiol monolayer (MW = 2000) and on a surface coated with a commercially available blocking polymer reagent (Blocking reagent A). Neither the PEG2000 monolayer nor Blocking reagent A could repel small peptides (<1000) or rather large proteins (>100000), as shown in Fig. 2 . Even with small peptides (<1000), non-specific adsorption was prevented on all TEGCnSH surfaces.
The oligo(ethylene glycol) polymer layer is hydrophilic and flexible, but its bulky structure occasionally becomes a problem. It has been reported that mixed PEG polymer layers with different molecular weights are effective as regards avoiding non-specific adsorption when the PEG layer density is substantially increased. 23, 24 Our small TEGCnSH molecules provide a monomolecular layer for the effective prevention of the non-specific adsorption of small biomolecules.
Evaluation of packing density, homogeneity, and durability of TEGCnSH monolayers
To reveal the effectiveness of TEGCnSHs with respect to forming a Con A sensing hybrid monolayer with MalC12SH and preventing non-specific biomolecular adsorption, we estimated the molecular layer features of TEGCnSHs with an electrochemical method. Adsorbed alkanethiol molecules on gold and other metal electrodes were desorbed in an alkaline solution through a one-electron reductive path (RS-Au + e -→ RS -+ Au). 25, 26 Scheme 2 shows a model of the reductive desorption of thiolates from a metal surface. Figure 3 shows linear sweep voltammograms (LSVs) for the reductive desorption of TEGCnSH-monolayers on Au(111) in 0.5 M KOH. The electrochemical desorption method has been widely used for the characterization of thiol monolayers and its interactions; [25] [26] [27] [28] [29] [30] we were therefore able to estimate the total amounts of adsorbed TEGCnSH molecules, the affinities of each thiolate to a gold surface, and the interaction between the each attached TEGCnSH molecules, from the reductive desorption charges, reductive peak potentials and peak configurations.
The TEGCnSH molecules were reduced at around -0.8 --1.2 V (vs. Ag/AgCl (NaCl)) in 0.5 M KOH. As shown in Fig. 3 , the number of attached TEGCnSH molecules, which was reflected by the desorption charge, increased with the increase in the alkylchain length. The reductive desorption charge and surface concentration of the TEGC2SH monolayer were 23.6 µC/cm 2 and 1.47 × 10 14 molecules/cm 2 , respectively. On the other hand, the charge and surface concentration of TEGC11SH were 42.3 µC/cm 2 and 2.64 × 10 14 molecules/cm 2 , respectively. The number of adsorbed TEGC2SH molecules on gold was 45% fewer than TEGC11SH molecules adsorbed on gold. The reductive desorption charges of each TEGCnSH molecule are shown in Fig. 4(a) . The reductive desorption charge results for various lengths of normal alkanethiols obtained from previous reports 27, 30 are also shown in Fig. 4(a) . When the alkylchain length of TEGCnSH increased, the reductive desorption charge also increased. This means that the amounts of adsorbed TEGCnSH were larger when the alkylchain length was longer. Even in TEGC11SH, the total amount of adsorbed molecules was only 50% that of normal alkanethiols (CH3(CH2)nSH, n = 2 -17). 27, 28 The maximum number of adsorbed TEGCnSH molecules did not reach the same value as that of normal alkanethiols because the TEG terminal group was bigger than the CH3 group.
Experimental results for reductive peak potentials and the full width at half-maximum (fwhm) of TEGCnSH monolayers are shown in Figs. 4(b) and 4(c) , respectively. Previously reported data for normal alkanethiols are also shown. 27, 28 The potential for the reductive desorption wave was found to be a function of the alkylchain length. 30 The desorption wave potential was dependent on the surface morphology and terminal groups. 27 Thus, the negative shifts of the peak potential indicated that the interaction between the adsorbed molecules became stronger and the monolayer stability gradually improved. As shown in Fig. 4(c) , the fwhm decreased with the increase in the number of CH2 groups (n), indicating that the homogeneity and packing density of the monolayer film improved with n. The desorption peak potential of TEGCnSH with a longer alkylchain became the same as that of normal alkanethiols, as shown in Fig. 4(b) . On the other hand, the fwhm value did not become the same as that of normal alkanethiols. The fwhm value reached a similar value to that of CH3(CH2)5SH, even though TEGCnSH with a longer alkylchain was used. The fwhm value is affected more by the strength of the interaction between the attached TEGCnSHs than the reductive desorption peak value. 28 These results indicated that the TEGCnSH monolayers were sufficiently densely packed as a result of their alkanethiol bodies, and thus formed smart repellent surfaces. Although the molecular density and homogeneity of adsorbed TEGCnSHs might be lower than those of normal alkanethiol monolayers, the TEGCnSH (n = 6 -11) monolayers were as stable as self-assembled monolayers of n-alkanethiols on gold. Simple models of TEGCnS-monolayers (n = 2, 6, and 8) were presented (Scheme 3).
Conclusion
A MalC12SH-TEGCnSH hybrid monolayer was suitable for detecting Con A over a wide concentration range. In particular, lower concentrations of Con A could be detected well, because the co-adsorbed TEGCnSH molecules suppressed noise, which improved the S/N ratios for Con A recognition. We could also improve the Con A detection limit. TEGCnSH monolayers showed excellent repellency to the non-specific adsorption of protein and peptide molecules over a wide molecular size range. Electrochemical measurements confirmed the crucial structural factors (packing density and durability) of TEGCnSH monolayers for this excellent repellency. The number of TEGCnSH molecules attached to the gold surface increased as the TEGCnSH alkylchain length increased. The interaction between TEGCnSH molecules on gold also became much stronger. We demonstrated the potential of TEGCnSH (n = 6 or 8) as the smallest densificated material for "nano barriers" when designing ultra-thin sensing membranes. 
